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In this work, an iron/biochar composite was evaluated as a catalyst for 3,6-dichloro-
2‑methoxybenzoic acid (dicamba) herbicide degradation by heterogeneous Fenton-like process. 
The biochar was produced from pyrolysis of coffee husks. After FeII adsorption by biochar, 
the material was submitted to chemical reduction, via borohydride, producing zero-valent iron 
nanoparticles (BIO-Fe0). The material was characterized by Fourier transform infrared spectroscopy 
(FTIR), scanning electron microscopy and energy dispersive X-ray spectroscopy, Raman scattering 
spectroscopy, nitrogen adsorption/desorption analysis, among other techniques. The BIO-Fe0 is 
a heterogeneous material, and the main constituent elements are carbon (C), oxygen (O), silicon 
(Si), sulfur (S) and iron (Fe). The dicamba degradation was monitored by high-performance liquid 
chromatography and biological assays using beans (Phaseolus vulgaris) as indicator species. The 
commercial dicamba (500 mL; 250 mg L-1) was submitted to Fenton-like process (initial pH 3.20; 
BIO-Fe0: 3 or 5 g; 1.00 mL H2O2 at 3.00 mmol L-1; 1.00 mL Al2(SO4)3 at 1.00 mol L-1; 25 °C 
and 5 h of reaction), presenting ca. 100% of degradation. These treated solutions were used in a 
biological assay. The intoxication levels were less 30%. These results show that BIO-Fe0 has the 
potential to be used in the dicamba degradation by Fenton-like processes.

Keywords: biomass, advanced oxidative processes, biological assay (Phaseolus vulgaris), 
herbicides, residual water, adsorption/degradation

Introduction

The dicamba, 3,6-dichloro-2-methoxybenzoic acid, is a 
chlorobenzoic herbicide, widely used worldwide to weeds 
control in grain crops, pastures and non-crop areas.1 This 
significant application is due to its high efficiency and 
low cost. Recently, it was developed genetically modified 
(GM) soybeans and cotton resistant to dicamba. Since 
these GM crops are planted on a large scale, the use of 
dicamba is expected to increase significantly.2 The dicamba 
(C8H6Cl2O3) (Figure 1) has a molar mass of 221.04 g mol-1 
and pKa 1.87, being of great environmental concern due to 

its high-water solubility.3 Therefore, the development of 
new processes that guarantee its complete degradation are 
required, in order to minimize the environmental impacts 
caused by its inappropriate use and disposal.4

During the application, the mixture containing 
pesticides must be properly calculated to avoid large 
surpluses at the end of the process. The residual liquid in 
the sprayer tank must be diluted in water and applied at the 

Figure 1. Molecular structure of dicamba.
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borders of the treated areas or on the pathways.5 However, 
for herbicide case, the spread it over treated areas can 
cause serious environmental problems. Dicamba is highly 
toxic to sensitive broad-leafed crops such as soybeans, 
for example.6 The use of herbicide doses beyond those 
recommended may be associated with the appearance of 
resistant weeds. Therefore, the development of dicamba 
degradation processes directly in the spray tank can be an 
important tool to avoid such problems.

The processes that govern the destination of most 
organic contaminants within the soil matrix include 
adsorption-desorption, chemical and biological degradation, 
volatilization, and transport.7 The infiltration of halogenated 
compounds into groundwater has generated considerable 
interest in recent years, since many of these contaminants 
can be degraded by dechlorination reactions.2 In this 
sense, a technology that has been highlighted is the use of 
zero-valent metals to remediate surface and groundwater 
contaminated with different organic compounds.8 However, 
a disadvantage of the use of these materials in aqueous 
systems consists in the leaching of the metals. Thus, the use 
of biochar as a support can prevent this leaching problem,9 
besides allowing a better dispersion of iron nanoparticles 
and reuse of these materials. Furthermore, zero-valent 
metals can be used in the advanced oxidative processes, 
such as Fenton reaction,10 and the sulfate radical-based 
processes (SO4

-).11

Fenton processes (equation 1) are characterized 
by the hydroxyl radicals (HO•) production from the 
reaction of iron(II) catalyst and hydrogen peroxide. Such 
processes are very efficient in the degradation of different 
contaminants such as pharmaceuticals compounds12 and 
herbicides.13 Fenton-like processes, on the other hand, 
consist of the HO• generation by other iron species (Fe0 
or Fe3+),14 or even another metal, such as copper15 and 
zinc,16 for example. Among the main advantages of the 
Fenton process (equations 1-2) is its high efficiency 
of degradation,17 which can be further enhanced by 
incorporating radiation (ultraviolet or visible).18

Fe3+ + H2O → Fe2+ + H+ + HO•	 (1)
Fe2+ + H2O2 → Fe3+ + HO– + HO•	 (2)

Fenton-like processes are capable of oxidizing and 
mineralizing a large number of organic molecules, 
producing mostly CO2 and inorganic ions.10 The mechanism 
of hydrocarbon oxidation catalyzed by hydroxyl radicals 
are described in equations 3-6.19 As can be seen, the 
oxidation of organic compounds (OC) is initiated by the 
hydroxyl radical (HO•), forming R• radicals, which are 
highly reactive and can also be oxidized.20

R–H + HO• → R• + H2O	 (3)
R• + H2O2 → ROH + HO•	 (4)
R• + HO• → ROH	 (5)
2R• → Products	 (6)

A major challenge in the herbicide application consists 
in the proper disposal of residual water after the spray tank 
washing process. Thus, the objective of this study was to 
evaluate the dicamba degradation (commercial product) 
by iron nanoparticles supported on biochar derived from 
coffee husks (BIO-Fe0) via Fenton-like process, aiming to 
develop a technology capable of degrading the herbicide 
residue from spray tank.

Experimental

Standards and reagents

Sodium borohydride (98%) (CAS 16940-66-2) was 
purchased from Sigma-Aldrich (St. Louis, USA). Ferrous 
sulfate heptahydrate (98.9%) (CAS 7782-63-0), sodium 
hydroxide (NaOH) (95%) (CAS 1310-73-2), hydrochloric 
acid (HCl) (37%) (CAS 7647-01-10), hydrogen peroxide 
(H2O2) (33%) (CAS 7722-84-1), and aluminum sulfate 
(Al2(SO4)3.16H2O) (99.9%) (CAS10043-01-3) were 
purchased from Vetec (Rio de Janeiro, Brazil). All chemicals 
were used without further purification and were of analytical 
grade. All solutions were prepared with purified water type 1 
(18.2 MΩ cm at 25 °C), which was obtained by Milli-Q® 
system (Millipore, Bedford, MA, USA).

Iron particles supported on biochar (BIO-Fe0)

The biochar used as a support for iron particles was 
produced from coffee husks (Coffea arabica) whose 
methodology and characterization results were described 
in a previous work.21 In general, the coffee husks was 
pyrolyzed under inert atmosphere at 350 ºC, with a ramp 
of 10 ºC min-1, and a residence time of 3 h. This biochar 
(BIO350) was characterized and used as FeII adsorbent. 

The zero valent-iron nanoparticles (nZVI) were 
incorporated into biochar (BIO350) according to the 
methodology adapted from Shi et al.,22 for the BIO-Fe0 
production. Initially, 50.00 mL of ethanol:water (4:1, v/v) 
was added to 10.00 g of biochar with adsorbed FeII and 
the system was stirred for 30 min on a shaking table at 
3000 rpm. Then, 100.00 mL of sodium borohydride solution 
(1.08 mol L-1) was added to the system at 0.10 mL s-1 under 
constant stirring. The system containing the solid material 
(BIO-Fe0) was vacuum filtered and then subjected to four 
washing steps, the first with 50.00 mL of Milli-Q® water 
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and the others with 50.00 mL of ethanol each. The BIO-Fe0 
was dried in a rotary evaporator for 3 h and stored under 
refrigeration at -20 ºC.

BIO-Fe0 characterization

The functional groups of BIO-Fe0 were analyzed by 
infrared spectroscopy (FTIR) in a Bruker VERTEX 70 
instrument using the attenuated total reflectance (ATR) 
(Palo Alto, USA) method in the range 350-4000 cm-1. 
X-ray diffraction (XRD) was performed on a D8-Discover 
diffraction system (Billerica, USA). The crystalline phase 
was compared with standard JCPDS files.

The surface morphology and elemental analysis of 
BIO-Fe0 were performed on a scanning electron microscope 
(JEOL brand, model JSM-6010LA) (Kyoto, Japan). This 
microscope has a resolution of 4 nm (with beam at 20 kV), 
magnification of 8× to 300.000×, and accelerating voltage of 
500 V at 20 kV. It was used electron gun with pre-centered 
tungsten filament. Everhart-Thornley detector for secondary 
electron imaging and solid-state detector for backscattered 
electrons with variable topography, composition, and 
shading contrast silicon drift detector for energy-dispersive 
X‑ray (EDS) analysis with 133 eV resolution.

Raman spectroscopy was performed on a micro-Raman 
spectrometer (Renishaw InVia) (Kansai, Japan) equipped 
with a Nd-YAG la (λ0 = 514 nm) and a 50× objective lens 
(Olympus B x 41), and the Raman spectrum acquisition 
time for each sample was set as 10 s. The surface area 
and porous structure of BIO-Fe0 were determined by N2 
adsorption isotherms using Quantachrome Instruments, 
model Nova 1200e (Kyoto, Japan).

Dicamba degradation process

The dicamba degradation processes were carried out 
in three different steps, under constant agitation, and room 
temperature (25 ºC).

(i) In the first step, 100.00 mL of dicamba standard 
solution and commercial product (25 mg L-1, initial 
pH 3.20, and BIO350/BIO-Fe0 = 1.00 g) were used.

(ii) In the second step, 100.00 mL of the commercial 
product (25 or 250 mg L-1, initial pH 3.20 and 
BIO‑Fe0  =  1.00  g); 1.00 mL of H2O2 (1.00 mmol L-1); 
1.00 mL of Al2(SO4)3 (1.00 mol L-1) were used.

(iii) In the third step, the commercial product (500 mL 
at 250 mg L-1 and initial pH 3.20) was used, and besides 
the composite (BIO-Fe0), 1.00 mL H2O2 (3.00 mmol L-1); 
1.00 mL Al2(SO4)3 (1.00 mol L-1) were added to the system, 
for two amounts of BIO-Fe0, 3.00 g (BIO-Fe03g) and 5.00 g 
(BIO-Fe05g).

The pH adjustment of the system to 3.20 was carried out 
using solutions of HCl or NaOH (both at 0.10 mol L-1). The 
flasks were sealed with parafilm and shaken on an orbital 
shaker at 25 ± 2 ºC. The pH of the solution was monitored 
during the reaction. After 24 h of reaction, a 2.00 mL aliquot 
was filtered on cellulose acetate membrane (0.45 µm pore 
size and 13 mm diameter Analytical) and analyzed by high-
performance liquid chromatography (HPLC). The assays 
were performed in triplicate. 

The HPLC system used was a Shimadzu model SCL-
10A VP system controller (Kyoto, Japan), equipped with 
LC-10AD VP pump, SPD-10A VP UV detector, SCL-10A 
VP control center, and Rheodyne injector (injection volume 
30 µL). HPLC operating conditions were: C18 column, 
Keystone NA (Keystone Scientific, Bellefonte, PA); oven 
temperature 35 ºC, mobile phase of acetonitrile: H2O 
(3:7 v/v) with 0.01% CH3COOH in isocratic mode; flow 
rate of 1.00 mL min-1, and quantification at 275 nm using 
a photodiode array detector.

Evaluation of the species responsible for dicamba 
degradation 

To evaluate the species responsible for dicamba 
degradation, assays were performed using 100.00 mL of 
commercial dicamba solution (50.00 mg L-1), 1.00 mL of 
hydrogen peroxide (1.00 mmol L-1), 1.00 mL Al2(SO4)3 
1.00 mol L-1 and 0.50 g of BIO-Fe0, under constant agitation 
(3000 rpm), and room temperature (25 ºC).

The inhibitors used were tert-butyl alcohol (TBA, 
10.00 mmol L-1), p-benzoquinone (p-BZQ, 10.00 mmol L-1) 
or furfuryl alcohol (FFA, 10.00 mmol L-1), to capture 
hydroxyl radicals (•OH), superoxide radicals (•O2

-) and 
singlet oxygen (1O2), respectively. The inhibitor solutions 
were prepared at the time of the assay. Thus, 1.00 mL of 
each inhibitor solution (10.00 mmol L-1) was added to the 
dicamba solution just before the start of the reaction.

Biological assay

In the biological assay with bean indicator species 
(Phaseolus vulgaris), three seeds were sown in plastic 
pots of 0.33 dm3 filled with yellow Latosol. After plant 
emergence, the plants were thinned, leaving two plants 
per pot. When the bean plants reached the physiological 
stage V3, 500.00 mL of (i) commercial dicamba at 
250  mg  L-1; (ii)  solutions degraded by the Fenton-like 
process, according to the procedure described previously, 
whose initial concentration of the commercial dicamba 
was 250 mg L-1; the material doses were 6.0 and 10.0 g L-1 
(BIO‑Fe0); (iii) potable water (control) was applied in 
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different pots. The application was made with the aid of 
a CO2 pressurized sprayer, equipped with two TT 11002 
nozzles, spaced at 0.50 m, maintained at a pressure of 
25  lb  pol-2 and a spray volume of 200 L ha-1. At 7 and 
14 days after application (DAA), intoxication scores were 
assigned to the bean plants, being zero for absence of 
symptoms and 100 for plant death.

Results and Discussion

The BIO-Fe0 characterization provides information 
about the chemical composition of the material, being 
quite useful in the understanding of the process that occur 
in the degradation processes. The FTIR results obtained 
are shown in Figure 2a. It is possible to observe the main 
functional groups present on the surface of BIO-Fe0. The 
band at 1036 cm-1 can be attribute to C-O stretching of 
acids, esters, alcohol and ethers.23-25 The band at 1348 cm-1 
can be attributed to C=C stretching.21,26,27 The band at 
1632 cm-1 can be attributed to C-O stretching of acids 
and esters.28 These bands are common in carbonaceous 
materials from biomass carbonization.29

The diffractogram obtained for BIO-Fe0, Figure  2b, 
indicated an amorphous carbon structure (2θ = 15‑35°)27,29 
with a peak referring to crystallized silica (2θ = 30°).30 These 
results are similar with reports described in the literature 
that used biochar as a support and/or as an environmental 
remediator. Liu et al.31 used biochar derived from peanut 
shells for doxycycline hydrochloride adsorption and 
the X-ray characterization showed an extended peak at 
2θ = 15‑35°. Yin et al.32 also observed a peak at 2θ = 30° that 
was attributed to crystallized silica. According to authors, 
the biochar was produced from poplar bark and used for 
adsorption nitrate and phosphates. The presence of iron 
could not be observed by FTIR and XRD (Figures 2a-2b). 
According to Chen et al.,33 this result can be attributed to 
the low concentration of iron in the sample (ca. 5%).

By Raman spectroscopy (Figure S1, Supplementary 
Information (SI) section) it is possible to observe the D band 
in 1359 cm-1, referred to amorphous carbon, and G band in 
1580 cm-1, attributed to graphitic carbon structures.25 The 
D and G bands are assigned to vibrational modes involving 
sp2 bonded carbon. The D and G bands intensity ratio, 
that is, ID/IG, indicates the structural disorder degree of 
graphitic materials. BIO-Fe0 presented ID/IG = 0.93, typical 
for materials with some disorder degree.34 Similar results 
were found by Zhou et al.,35 who found ID/IG = 0.92 for 
biochar from bone. According to the authors, the material 
could carry defective edges containing oxygen or hydrogen 
on the surface. 

The N2 adsorption/desorption isotherm was performed 
for BIO-Fe0, and the result is shown in Figure S2 (SI 
section). As shown in Figure S2, the mesopore size 
distribution is predominantly in the 1-5 nm range. According 
to the International Union of Pure and Applied Chemistry 
(IUPAC) classification, the BIO-Fe0 material exhibits an 
intermediate isotherm of type I and II, associated with 
a combination of microporous-mesoporous structures.36 
The specific surface area of the BIO-Fe0 is approximately 
1.50 m2 g-1. Irfan et al.37 found specific surface areas of 
2.10, 7.03 and 5.21 m2 g-1 for biomass from halophyte 
(Achnatherum splendens L.), biochar produced at 300 and 
700 ºC, respectively, showing that pyrolysis temperature 
also influences the material characteristics.

The BIO-Fe0 SEM image is shown in Figure 3a, and 
a porous material can be observed. Similar results are 
described in the literature.38,39 By EDS, Figure 3b, it is 
possible to observe that the main elements present in 
BIO-Fe0 are carbon (C), oxygen (O), silicon (Si), sulfur 
(S) and iron (Fe). The iron particles presented 10% m/m 
of the BIO-Fe0. The presence of silicon can be attributed 
to coffee husks composition.21

The BIO-Fe0 produced was used as catalyst in the 
dicamba degradation assays by Fenton-like process. The 

Figure 2. (a) FTIR (ATR) spectrum and (b) X-ray diffractogram for BIO-Fe0.
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BIO-Fe0 can be used as heterogeneous catalyst,40,41 allowing 
its reuse42 and avoiding the leaching of iron to solution.43 
First, the chromatographic conditions were selected. The 
chromatogram of the dicamba standard solution is shown in 
Figure S3 (SI section). The dicamba presented a retention 
time of 11 min. After, control assays were performed using 
biochar from coffee husks (BIO350) and the iron particle/
biochar composite (BIO-Fe0) to treat the dicamba standard 
solution (Figure 4a), and the commercial product solution 
(Figure 4b). As can be seen in Figure 4a, the dicamba 
degradation is not significant for both materials, only ca. 8%. 
The use of Fe0 for dicamba degradation has been reported 
by Maya-Treviño et al.44 but, according to the authors, the 
reaction is very slow and with low degradation efficiency. As 
can be seen in Figure 4b, the removal efficiency remained 
low (ca. 9%) also for the commercial product. As the results 
were similar for the analytical standard and the commercial 
product, the following experiments were carried out with 
the commercial product, aiming to simulate a real field 
situation, and because the analytical standard is relatively 
more expensive than the commercial product.

Thus, in the second step, new assays were performed 
using the commercial product in the initial concentration of 
dicamba of 25 and 250 mg L-1, in which hydrogen peroxide 
and aluminum salt were added to the reaction. As can be 
seen in Figure 5, the dicamba degradation by Fenton-like 
reaction in the presence of aluminum salt was effective. The 
degradation reached about 100% for both concentrations, 
i.e., 25 and 250 mg L-1.

The hydroxyl radical is a strong non-selective oxidizing 
agent that reacts with organics, originating dehydrogenated 
or hydroxylated derivatives, until their mineralization. For 
example, Pignatello45 reported the complete destruction 
of a 0.10 mM 2,4-dichlorophenoxyacetic acid solution 
at pH  3.00 through oxalic acid using H2O2/Fe2+ and  
H2O2/Fe3+/UV. According to Brillas et al.,1 aluminum 
species may favor the reaction by contributing to the 
solution pH remain acidic (pH ≤ 3.00), and according to 
equation 7, preventing the iron precipitation.1

Al3+ + 3H2O → Al(OH)3 + 3H+	 (7)

Figure 3. (a) Scanning electron microscopy image (resolution of 4 nm, with beam at 20 kV, magnification of 8× to 300.000×, and accelerating voltage of 
500 V at 20 kV) and (b) chemical mapping (detector for EDS analysis with 133 eV resolution) of BIO-Fe0. 

Figure 4. Removal of analytical standard (a) and commercial product (b) of dicamba by BIO350 and BIO-Fe0. Conditions: volume of solution: 100.00 mL; 
Ci = 25 mg L-1; BIO350/BIO-Fe0 (Fe 10% m/m) = 1.00 g; pH = 3.20.
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Another point to be highlighted is the possible 
improvement in the efficiency of the reaction, acting on 
the dechlorination of dicamba and on the formation of 
hydroxyl radicals.46 

Aiming to approximate field conditions, in the third 
step, new studies were performed, employing 500.00 mL 
of commercial dicamba product (250 mg L-1) and two doses 
of BIO-Fe0. The concentration of 250 mg L-1 was chosen 
because it is a concentration close to that found in spray 
tanks, while the volume (500.00 mL) was selected due to 
the demand for a little more volume for application with 
the sprayer. The results are shown in Figure 6.

As can be seen in Figure 6, the degradation of 
the commercial product by the Fenton-like process 
by BIO-Fe0 was 85 ± 3% and 95 ± 3% for 3.00 and 
5.00  g, respectively. This can be explained by the 
amount of catalyst (iron) present in the biochar, which 
is responsible for the formation of hydroxyl radicals, 
that is, the more iron available in the system, the greater 
the formation of radicals, causing the degradation of 
dicamba in a catalytic reaction in a cycle in which FeII is  
regenerated.47

After the degradation reactions, the solutions were 
applied to bean plants and the results for 7 and 14 days 
after application (DAA) are presented in Figures 7 and S4 
(SI section), respectively.

The choice of beans (Phaseolus vulgaris) as a 
bioindicator plant is due to this species being sensitive to the 
presence of dicamba in solution. The presence of herbicides 
in soil and water can be carried out by bioassays using 
sensitive indicator species. These plants must be easy to 
grow, have rapid development and sensitive to the evaluated 
herbicide.48 Commercial dicamba interferes in the action 
of the ribonucleic acid (RNA)-polymerase enzyme and, 
consequently, in the synthesis of nucleic acids and proteins. 
This herbicide induces intense cell proliferation. As a result, 
there is a disorganized growth of the tissues, which leads 
the plant to suffer epinasty of the leaves, twisting of the 
stem, thickening of the terminal buds and death of the plant.

These symptoms were more pronounced when 
the commercial product (at 250 mg L-1 of dicamba) 
was applied to the bean plants. In contrast, when the 
commercial product was treated with 5.00 g (Figure 7b) 
and 3.00 g (Figure 7c) of BIO-Fe0 in a Fenton-like process, 

Figure 5. Removal of commercial dicamba (initial concentration: 25 or 
250 mg L-1). Experimental conditions: volume of solution = 100.00 mL; 
BIO-Fe0 = 1.00 g; 1.00 mL of H2O2 (1.00 mmol L-1); 1.00 mL of Al2(SO4)3 
(1.00 mol L-1).

Figure 6. Removal of commercial dicamba. Experimental conditions: 
volume of solution = 500.00 mL; Ci = 250 mg L-1; BIO-Fe0 = 3.00 and 
5.00 g; 1.00 mL H2O2 (3.00 mmol L-1); 1.00 mL Al2(SO4)3 (1.00 mol L-1); 
25 ºC and 5 h of reaction.

Figure 7. Injury levels in beans of dicamba degradation products by Fenton-like processes at 7 days after application (DAA) (a) control, (b) 95% degradation 
(BIO-Fe05g) (c), 85% degradation (BIO-Fe03g) (d) and commercial dicamba 250 mg L-1.
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the injuries were less pronounced. Injury level scores were 
assigned to the bean plants and the results are presented 
in Figure 8.

Dicamba is a toxic product to sensitive plants, in which 
even at very low concentrations present visible signs of 
intoxication, due to the compromised development of 
these plants. When the solution was treated by a Fenton-
like process, using 5.00 g of BIO-Fe0, the symptoms 
did not reach 10%, damage from which a plant would 
probably be able to recover. In contrast, the application of 
dicamba without treatment (250 mg L-1) exceeded 60% of 
intoxication of the plants, damage that would lead to the 
death of the plant.

In order to better understand the degradation pathway 
of dicamba by BIO-Fe0, assays using radical inhibitors 
were performed and the results are shown in Figure 9. 
To evaluate the contribution of different reactive oxygen 

species, tert-butyl alcohol, p-benzoquinone (p-BZQ) and 
furfuryl alcohol (FFA) were chosen as chemical inhibitors 
of •OH, •O2

- and 1O2, respectively.49

Furfuryl alcohol, responsible for inhibiting 1O2 radicals, 
inhibited 9% of dicamba degradation in 300 min of 
reaction. On the other hand, p-BZQ inhibits almost 25% 
of dicamba, indicating that •O2

- plays an important role 
in this degradation system, as reported by other authors.49 
The suppressant that showed the highest inhibition effect, 
however, is tert-butyl alcohol, preventing 65% degradation 
in 300 min, indicating that the •OH radical plays the most 
important role among the species responsible for dicamba 
degradation, corroborating with results already revealed in 
the literature, for similar systems.50

Conclusions

The iron/biochar composite (BIO-Fe0) derived from 
coffee husks was successfully synthesized and applied 
in the degradation of dicamba in aqueous systems by 
heterogeneous Fenton-like process. The process simulated 
spray tank wastewater, with a high concentration of 
dicamba. The BIO-Fe0 synthesis can be considered 
sustainable, as it uses biomass residues as the starting 
material. The adsorption process was little significant, 
corresponding to 8% of removal. On the other hands, 
the degradation by heterogeneous Fenton-like process 
was quite pronounced (approximately 100%), confirmed 
by the chromatographic analyzes. The main mechanism 
involves the OH radicals, using the iron particles present 
on the surface of the Bio-Fe0. The treated dicamba solution 
was submitted to biological assay using beans as indicator 
species showing toxicity levels lower than 30%. Thus, the 
BIO-Fe0 composite has the potential to be deployed in a 
spray tank dicamba residue degradation technology, being 
a viable, low-cost and environmentally safe alternative.

Supplementary Information

Supplementary information (Raman spectra, N2 
adsorption/desorption isotherms, pore distribution of 
BIO-Fe0 and injury levels in beans of dicamba degradation 
products by Fenton-like processes at 14 days after 
application (DAA)) is available free of charge at http://
jbcs.sbq.org.br as PDF file. 
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